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:   nuclear respiratory factor 1

miRNA

:   microRNA

SLC2A1

:   solute carrier family 2 member 1 (GLUT1)

LAMC1

:   laminin subunit gamma 1

FGF9

:   fibroblast growth factor 9

p21

:   cyclin dependent kinase inhibitor 1A (CDKN1A)

p27

:   cyclin dependent kinase inhibitor 1B (CDKN1B)

NAC

:   N-Acetyl-L-cysteine

Introduction
============

Breast cancer is the most common cancer among women all over the world \[[@r1],[@r2]\]. Approximately 15% of breast tumors are triple negative breast cancers (TNBC). TNBC have the poorest survival outcome of all breast cancer subtypes \[[@r3]\]. This is due to its high propensity for metastatic progression and resistance to endocrine therapy \[[@r4],[@r5]\].

Statins have been widely used for inhibiting HMG-CoA reductase (HMGCR), which is regarded as the rate-limiting enzyme to catalyze the important step in mevalonate pathway \[[@r6]--[@r8]\]. Some meta-analyses suggested that long-term statin reduces the risk of cancers, including breast cancer \[[@r9]--[@r12]\]. In the case of breast cancer, the use of simvastatin is associated with a reduced risk of stage I-III breast cancer \[[@r8],[@r10],[@r13]\]. Preclinical studies have showed that statins participated in apoptosis program and regulation of cell proliferation in breast cancer cells. Simvastatin also exhibits antitumor activity in a variety of cancers including lung cancer and gastric cancer \[[@r14]--[@r16]\]. Despite this knowledge, in order to improve and increase the therapeutic effect of simvastatin on cancer, a more complete understanding of simvastatin induced apoptosis is needed.

The contribution of simvastatin to the breast cancer is known as HMGCR inhibitor \[[@r17],[@r18]\]. The mechanisms that simvastatin induced apoptosis in cancer cells including Akt and NF-kB downregulation, nitric oxide and generation of ROS upregulation \[[@r17]--[@r20]\]. It was reported that statins inhibited cancer progression by regulating miRNA levels \[[@r21]--[@r24]\]. For example, Lovastatin could reduce cell proliferation by upregulating miR-33b expression, impairing c-myc expression and function in medulloblastoma cells \[[@r24]\].

Here, we first demonstrated that simvastatin could up-regulate miR-140-5p in triple negative breast cancer cell line MDA-MB-231 via activating ROS-induced transcription factor NRF1 expression. Our results suggested that simvastatin broke the balance of oxidative stress in MDA-MB-231 cells, resulted in the accumulation of ROS. Subsequently, ROS triggered the increase of NRF1, and NRF1 as a transcription factor bound to the promoter of miR-140 to induce miR-140 expression. Finally, we confirmed that simvastatin combining with miR-140-5p showed the best anticancer effect compared with simvastatin or miR-140-5p treatment alone. Our researches identify a novel pleiotropic anti -cancer effects of simvastatin.

RESULTS
=======

Basal expression of cholesterol biosynthesis genes was up-regulated in breast cancer tissue
-------------------------------------------------------------------------------------------

Simvastatin restrains cholesterol production through inhibiting the rate-limiting enzyme of mevalonate pathway ([Supplementary Figure 1A](#SD2){ref-type="supplementary-material"}). To explore the significant differences of cholesterol biosynthesis genes in breast normal tissue and breast cancer tissue, we used the Metabolic gEne RApid Visualizer website \[[@r25]\]. Heatmap representations of the differential expression of cholesterol associated transcripts in breast cancer tissue and control breast normal tissue revealed that mevalonate pathway related genes were obviously up-regulated in the tumor ([Supplementary Figure 1B](#SD2){ref-type="supplementary-material"}). Analysis of the survival curve revealed that the higher mevalonate pathway associated genes (HMGCR, HMGCS1 and INSIG2) levels were correlated with lower survival times for the breast cancer patients \[[@r26]\] ([Supplementary Figure 1C](#SD2){ref-type="supplementary-material"}). Finally, at the protein level, IHC results showed that the master mevalonate pathway genes, HMGCR and HMGCS1 were also overexpressed in breast cancer tissue \[[@r27]\] ([Supplementary Figure 1D](#SD2){ref-type="supplementary-material"}). Therefore, these clues strongly indicated that breast cancer had a high dependency on mevalonate pathway.

Simvastatin-induced MDA-MB-231 cell cytotoxicity
------------------------------------------------

We assessed the effectiveness of rosuvastatin, lovastatin, mevastatin or simvastatin to induce cytotoxicity in MDA-MB-231 cells. The results showed that MDA-MB-231 cells were most sensitive to the toxicity of simvastatin (Fig, 1A, [Supplementary Figure 2A](#SD2){ref-type="supplementary-material"}). Therefore, we have been using simvastatin as the studied drug in the subsequent experiments. MDA-MB-231 cells were treated with simvastatin at different concentrations (1-5µM) for 48h. The cell viability (the number of viable cells) was determined using the CCK-8 assay. With the increase of drug concentration, the number of viable cells decreased significantly, suggesting that simvastatin inhibited cell proliferation in a dose-dependent manner ([Fig. 1B](#f1){ref-type="fig"}). In addition, the increase of tumor suppressor gene p21 and p27 was seen in the MDA-MB-231 cells treated with simvastatin ([Supplementary Figure 2B](#SD2){ref-type="supplementary-material"}). Moreover, cell cycle analysis indicated that simvastatin (3µM) increased the G2 phase of MDA-MB-231 cells ([Fig. 1C](#f1){ref-type="fig"}). At the same time, to study the direct effect of simvastatin on cell death in the MDA-MB-231 cells, we treated MDA-MB-231 cells with simvastatin at various doses, As shown in [Fig. 1D](#f1){ref-type="fig"}, simvastatin significantly caused fragmentation of cell nuclei and induced cell death in a concentration-dependent fashion ([Fig. 1E](#f1){ref-type="fig"}). Furthermore, simvastatin treatment also significantly inhibited the invasion of MDA-MB-231 cells ([FSupplementary Figure 2C](#SD2){ref-type="supplementary-material"}). These results suggested that inhibition of mevalonate pathway by simvastatin can effectively delay the progression of breast cancer.

![**Effects of simvastatin on cell proliferation and cell death in MDA-MB-231 cells.** (**A**) MDA-MB-231 cells were treated with 1µM rosuvastatin, lovastatin, mevastatin or simvastatin for 24h and 48h. (**B**) MDA-MB-231 cells were treated with varying concentrations (1-5µM) of simvastatin for a period of 48h. All the cell viability (cell proliferation) assays were analyzed by the CCK-8 assay. (**C**) the effects of simvastatin on the cell cycle were measured by flow cytometry with PI staining. (**D**) Representative photomicrography of treated MDA-MB-231 cells with varying doses simvastatin showing nuclei fragmentation. (**E**) MDA-MB-231 were treated with various doses of simvastatin for 48h. Cell death was determined by PI FACS analyses. The percentage of necrotic/apoptosis cells (PI positive) were moved to the right quadrant (Relative to 0µM). The p-values were calculated using standard Student t-tests. Error bars represent mean± SEM of three individual experiments. \*\*\* P ≤ 0.001, \*\* P ≤ 0.01, \* P ≤ 0.05.](aging-11-101974-g001){#f1}

Simvastatin increased miR-140-5p expression in MDA-MB-231 cells
---------------------------------------------------------------

In our experiment, in order to find a simvastatin-regulated microRNA. We first screened the difference miRNAs of TNBC (N=132) tumors compared with other breast tumors (ER + and/or PR + and/or Her2 +, N = 32) \[[@r28]\]. Analysis of these miRNA expression revealed 74 differentially expressed miRNAs, these altered miRNAs possibly were involved in cell proliferation, epithelial mesenchymal transition and deterioration in triple negative tumors. Among the most significant altered miRNAs, we need to narrow down the selection. Second, we found 42 miRNAs that were regulated by statins from Clinical Trials and *in vivo* Studies from Mohajeri\'s research \[[@r29]\]. Intersected the two results, we discovered 8 different miRNAs. These miRNAs may contribute to the aggressive phenotype of TNBC cancers and promote tumor progression, and at the same time, the levels of these miRNAs were regulated by statins ([Fig. 2A](#f2){ref-type="fig"}). As shown in [Fig. 2B](#f2){ref-type="fig"}, previous studies had reported that miR-143, miR-126, miR-145 and miR-140 play the role as tumor suppressors in breast cancer, but miR-221/222, miR-17 and miR-19a function as oncogenes in breast cancer. Next, we validated the expression levels of these microRNAs in MDA-MB-231 cells treated with simvastatin, a qPCR assay showed that simvastatin induced miR-140, miR-126 and miR-145 expression, while miR-17 and miR-19a were down-regulated in MDA-MB-231 cells ([Fig. 2C](#f2){ref-type="fig"}).

![**Simvastatin upregulated miR-140-5p expression.** (**A**) Venn diagram containing miRNAs that were found to be significantly altered in triple negative tumors (ER-, PR- and Her2-) compared with other breast tumors (ER+ and/or PR+ and/or Her2+) and were regulated by statins. (**B**) KEGG pathway showed targeted genes of the 8 different miRNAs came from A. (**C**) qPCR analysis of the 8 different miRNAs expression in MDA-MB-231 cells treated with 3µM simvastatin compared with negative control DMSO for 24h. (**D**) The relative miRNA expression levels of miR-140-5p and miR-140-3p in MDA-MB-231 cells. (**E, F**) The expression levels of miR-140-5p and miR-140-3p were detected by qPCR in MDA-MB-231 cells treated with simvastatin(1-5µM) for 24h. All miRNAs expression was normalized to snRNA U6 housekeeping gene. The p-values were calculated using standard Student t-tests. Error bars represent mean±SEM of three individual experiments. \*\*\* P ≤ 0.001, \*\* P ≤ 0.01.](aging-11-101974-g002){#f2}

Exhilaratingly, there was a significant change in miR-140 level upon simvastatin treatment in MDA-MB-231 cells. Interestingly, further studies found that simvastatin-induced miR-140 was miR-140-3p, while the screened miR-140 in GSE86278 database was miR-140-5p. To investigate the miR-140 expression in breast cancer cell, we examined the expression levels of miR-140-3p and 5p in MDA-MB-231 cells. As the data displayed, miR-140-5p expression was decreased at least eightfold in MDA-MB-231 cells reduced as compared with the miR-140-3p ([Fig. 2D](#f2){ref-type="fig"}). The YM500v2 miRNA database showed that miR-140-3p was dominant in most human tissues compared with miR-140-5p \[[@r30]\] ([Supplementary Figure 3A-C](#SD2){ref-type="supplementary-material"}). Although the level of miR-140-3p was much higher than miR-140-5p, simvastatin induced miR-140-5p up-regulation in a dose-dependent manner, while miR-140-3p was down-regulated in the case of increased simvastatin concentration (1-5µM) ([Fig. 2E, F](#f2){ref-type="fig"}). The over expression of miR-140-5p significantly reduced cell growth, while miR-140-3p did not work ([Supplementary Figure 3D](#SD2){ref-type="supplementary-material"}). These data suggested a possible tumor suppressor activity of miR-140-5p induced by simvastatin in triple negative breast cancer cell line.

Simvastatin induced pre-miR-140 expression via up-regulating NRF1
-----------------------------------------------------------------

Considering both of miR-140-3p and miR-140-5p were upregulated at the low concentration of simvastatin, so we speculated that simvastatin could induce pre-miR-140 expression. As shown in [Fig. 3A](#f3){ref-type="fig"}, treatment with simvastatin enhanced the pre-miRNA level of miR-140 in a dose-dependent manner. We found several potential binding sites for NRF1 are present in the pre-miR-140 proximal promoter through searching the JASPAR CORE database ([Fig. 3B](#f3){ref-type="fig"}).

![**NRF1 bound to and activated the pre-miR-140 promoter.** (**A**) The expression levels of pre-miR-140 was detected by qPCR in MDA-MB-231 cells treated with simvastatin(1-3µM) for 24h. (**B**) The location of NRF1-binding sites in the pre-miR-140 proximal promoter region was predicted by the JASPAR CORE database. (**C**) The relative miRNA expression levels of pre-miR-140 in MDA-MB-231 cells transfected with NRF1 over-expressing plasmid compared with empty plasmid. (**D**) Sequential deletion and mutation analyses identified NRF1-responsive regions in the pre-miR-140 proximal promoter region. pGL3-P2, pGL3-P3 and pGL3-P4 represented the deletion, and pGL3-M1, pGL3-M2 and pGL3-M1/2 represented the mutation. Serially truncated and mutated pre-miR-140 promoter vectors were co-transfected with NRF1 over-expressing plasmid or empty plasmid into MDA-MB-231 cells, and the relative luciferase activities were determined. (**E**) Effect of simvastatin on pre-miR-140 promoter driven luciferase activity. MDA-MB-231 cells were transfected with pGL3-P1 or pGL3-M1/2 plasmids, along with 3µM simvastatin or DMSO. (**F**) MDA-MB-231 cells were cultured and treated with 3µM simvastatin or NC(DMSO) for 24h and NRF1 protein was measured by Western blot. β-actin served as a control. The p-values were calculated using standard Student t-tests. Error bars represent mean±SEM of three individual experiments. \*\* P ≤ 0.01.](aging-11-101974-g003){#f3}

We next examined whether NRF1 was involved in pre-miR-140 expression. First, we certified that the level of pre-miR-140 was increased in MDA-MB-231 cells following treatment with over-expression NRF1 ([Fig. 3C](#f3){ref-type="fig"}). Second, to determine the role of NRF1 in the transcriptional regulation of pre-miR-140, we used the luciferase reporter assay to demonstrate that augmentation of NRF1 stimulated the pre-miR-140 promoter in HEK293T cells. To identify which site was functionally required for NRF1-regulated pre-miR-140 promoter activation, a deletion analysis of the pre-miR-140 promoter in HEK293T cells identified the NRF1-responsive region in -450 to -1100. Deletion of the region containing only the -985 to -995 site also caused a significant decrease in pre-miR-140 promoter activity upon NRF1 over-expression ([Fig. 3D](#f3){ref-type="fig"}). A significant reduction in pre-miR-140 promoter activity was observed when the -908 to -919 and -985 to -995 sites were individually or jointly mutated ([Fig. 3D](#f3){ref-type="fig"}). These results demonstrated that both the -908 to -919 and -985 to -995 sites were essential for NRF1-regulated pre-miR-140 promoter activity. Consistent with the luciferase data, results revealed that simvastatin effectively stimulated pre-miR-140 promoter ([Fig. 3E](#f3){ref-type="fig"}). It indicated that simvastatin increased the transcription of pre-miR-140 via promoting NRF1 activity or up-regulating NRF1. Further experiments confirmed that simvastatin could promote NRF1 expression ([Fig. 3F](#f3){ref-type="fig"}). Taken together, these findings suggested that NRF1 was essential for the expression of pre-miR-140, and simvastatin increased NRF1-regulated pre-miR-140 level in a dose-dependent manner.

Simvastatin induced oxidative stress and DNA damage
---------------------------------------------------

Nuclear NRF1 binds to antioxidant response elements (ARE) and activates the transcription of antioxidant and anti-inflammation genes, so NRF1 is a ROS-induced oxidative stress sensitive transcription factors \[[@r31],[@r32]\]. To explore the mechanism of action by which simvastatin upregulated NRF1, we investigated the accumulation of ROS in MDA-MB-231 cells treated with simvastatin by using fluorescent probe DCFH-DA. Simvastatin significantly increased cellular ROS levels (fluorescence intensity) in MDA-MB-231 cells ([Fig. 4A](#f4){ref-type="fig"}). At the same time, as shown in [Fig. 4B](#f4){ref-type="fig"}, accompanied by simvastatin-treated time increase, a decrease of ratio (GSH/GSSG) was found in MDA-MB-231 cells. To show the direct role of ROS in enhancing the expression of NRF1, we co-treated the simvastatin treated MDA-MB-231 cells with NAC to show a direct effect on NRF1 expression and consequent regulation of pre-miR-140. As shown in the data ([Fig. 4C](#f4){ref-type="fig"}), NAC could significantly suppress the up-regulation of NRF1 expression induced by simvastatin and the consequent increase in pre-miR-140 level ([Supplementary Figure 3E](#SD2){ref-type="supplementary-material"}).

![**Simvastatin induced oxidative stress.** (**A**) The ROS level showed effects in MDA-MB-231 cells with simvastatin or DMSO treatment for 24h as determined by fluorescence intensity of DCFH-DA (ROS probe). (**B**) simvastatin induced ROS elevation accompanied by a continuous decline of GSH/GSSG ratio in MDA-MB-231 cells within 24 hours. (**C**) The effect of simvastatin and NAC on NRF1 expression as detected by qPCR and western blot. (**D**) DNA oxidative damage marker 8-OH-dG was measured by ICC/IF in MDA-MB-231 cells treated with simvastatin(1-5µM) for 24h. The p-values were calculated using standard Student t-tests. Error bars represent mean±SEM of three individual experiments. \*\*\* P ≤ 0.001, \*\* P ≤ 0.01.](aging-11-101974-g004){#f4}

The above results indicated that the increase of NRF1 induced by simvastatin was due to the accumulation of ROS. 8-OH-dG, as a product of DNA damage induced by ROS, is a biomarker of oxidative DNA damage. Simvastatin can induce the production of 8-OH-dG in a dose-dependent manner, indicating that increased ROS caused severe cell cytotoxicity ([Fig. 4D](#f4){ref-type="fig"}). These results revealed that simvastatin -ROS-NRF1 axis was contributed to the increased of miR-140.

SLC2A1 is a novel direct target of miR-140-5p
---------------------------------------------

To explore the mechanism by which the down-modulation of miR-140-5p impacts breast cancer programs, we screened the potential target genes of miR-140-5p through integration of several databases, including targetscan \[[@r33]\], miRDB \[[@r34]\] and PicTar \[[@r35]\], and this analysis showed that there were 45 putative genes objectives of miR-140-5p in all three databases. Subsequent KEGG pathway analysis of the 45 genes showed that important pathways were associated with cancer progression, viral infection, BRCA and Rap1 pathway ([Fig. 5A](#f5){ref-type="fig"}). Of these, the cancer progression contained the greatest number of genes. Remarkably, red-labeled genes were miR-140-5p target genes that had been reported, and the remaining genes, including LAMC1, SLC2A1 and FGF9 were not previously reported ([Fig. 5A](#f5){ref-type="fig"}). Among these genes, the basal expression level of SLC2A1 is the highest not only in MDA-MB-231 cells, but also in breast tumor ([Supplementary Figure 4A](#SD2){ref-type="supplementary-material"}).

![**SLC2A1 is the direct target of miR-140-5p.** (**A**) Venn diagram containing genes that were predicted to be the targets of miR-140-5p, and the KEGG pathway analysis of the 45 putative genes which were in the intersection. Red represented reported targets of miR-140-5p. (**B**) The expression levels of LAMC1, SLC2A1 and FGF9 in MDA-MB-231 cells transfected with miR-140-5p mimic compared with NC mimic for 48h. (**C**) The transfection of miR-140-5p in MDA-MB-231 cells decreased the SLC2A1 protein levels, as shown by western blot. (**D**) Left, luciferase-SLC2A1 3′-UTR constructs. 3 putative miR-140-5p binding sequences existed in the 3′-UTR of SLC2A1 mRNA, one was conservative, and the other two were poorly-conservative. miR-140-5p seed mutated sequences were generated in the binding site. Right, luciferase reporter assay in HEK293 cells transfected with NC, miR-140-5p or miR-140-5p-mut 3′-UTR. Firefly luciferase served as an internal control. (**E**) Expression patterns of miR-140-5p with SLC2A1 exhibited a negative correlation. (**F**) The expression level of miR-140-5p was decreased in BRCA compared with normal tissues. This difference was also reflected in ACC, but there is no significant disparity in THCA and RRAD. The p-values were calculated using standard Student t-tests. Error bars represent mean±SEM of three individual experiments. \* P ≤ 0.05.](aging-11-101974-g005){#f5}

To confirm the direct inhibition of predicted genes by miR-140-5p, we evaluated their mRNA level after the exogenous expression of the miR-140-5p in MDA-MB-231 cells. The data displayed the mRNA level of SLC2A1 was reduced in cells transfected with miR-140-5p mimics in a concentration-dependent way ([Fig. 5B](#f5){ref-type="fig"}, [Supplementary Figure 4B](#SD2){ref-type="supplementary-material"}). And the protein expression level of SLC2A1 was also decreased in miR-140-5p transfected cells ([Fig. 5C](#f5){ref-type="fig"}). But there was no significant difference in the other two genes ([Fig. 6B](#f6){ref-type="fig"}). Next, we transfected HEK293T cells with luciferase reporter containing a reporter plasmid fused with the conservative 3′UTR miR-140-5p binding sequence of SLC2A1, and exogenous miR-140-5p mimic. This result showed an approximate 50% decrease in luciferase activity, whereas the mutant seed region was not decreased ([Fig. 5D](#f5){ref-type="fig"}). In addition, the mRNA expression level of SLC2A1 achieved by ChIPBase was inversely correlated with those of miR-140-5p in BRCA samples \[[@r36]\] ([Fig. 5E](#f5){ref-type="fig"}). To further determine the correlation between miR-140-5p and SLC2A1, we screened the potential microRNAs targeting SLC2A1 expression via targetscan and miRDB, and the bioinformatic prediction indicated that just miR-140-5p and miR-152-3p were predicted targeting SLC2A1 ([Supplementary Figure 4C](#SD2){ref-type="supplementary-material"}).

![**Simvastatin inhibited SLC2A1 expression.** (**A, B**) MDA-MB-231 cells were treated with either NC(DMSO) or various concentrations of simvastatin(1-3µM) for 24h. The mRNA and protein expression of SLC2A1 were examined by qPCR and western blot, respectively. (**C**) Effect of simvastatin on the localization of SLC2A1. MDA-MB-231 cells were transfected with EGFP-SLC2A1 co-expression plasmid for 48h, then the cells were treated with either DMSO or simvastatin for 24h and observed with a Delta Vision Imaging Workstation. (**D**) Effect of simvastatin on the exogenous EGFP-SLC2A1 through western blot analysis. The p-values were calculated using standard Student t-tests. Error bars represent mean±SEM of three individual experiments. \* P ≤ 0.05.](aging-11-101974-g006){#f6}

Meanwhile, we analyzed the gene expression profiling data of SLC2A1 from GEPIA \[[@r37]\], and found SLC2A1 was significantly up-regulated in breast tumor compared with normal tissue ([Fig. 5F](#f5){ref-type="fig"}). In conclusion, these data confirmed that SLC2A1 was an exact target gene of miR-140-5p.

Simvastatin inhibited the expression of SLC2A1
----------------------------------------------

In previous studies, we found that simvastatin upregulated miR-140-5p and SLC2A1 was the downstream target gene of miR-140-5p. Next, we need to determine whether simvastatin could inhibit SLC2A1 in MDA-MB-231 cells. Q-PCR and Western blot analysis showed that simvastatin suppressed SLC2A1 in a dose dependent way ([Fig. 6A, B](#f6){ref-type="fig"}). However, simvastatin did not decrease the exogenous SLC2A1 expression and membrane localization in MDA-MB-231 cells ([Fig. 6C, D](#f6){ref-type="fig"}). These outcomes showed that simvastatin only decreased the expression of endogenous SLC2A1.

Combination of simvastatin and miR-140-5p led to promote cell death
-------------------------------------------------------------------

Induction of cell death by simvastatin and miR-140-5p was examined by counting PI positive cell number in MDA-MB-231 cells. The results showed that both simvastatin and miR-140-5p alone increase cell death, and combination of miR-140-5p transfection with simvastatin led to a significantly increase of cell death compared with the them alone ([Fig. 7A](#f7){ref-type="fig"}). miR-140-5p or negative control designed as a short hairpin RNA (shRNA) was brought into MDA-MB-231 cells by a lentivirus vector, which has an EGFP Reporter ([Fig. 7B](#f7){ref-type="fig"}), then we injected MDA-MB-231 cells treated with miR-140-5p or NC stably expressing lentivirus into the immune-deficient mice. After 6 weeks, we killed these mice and examined the volume of tumor derived from these xenografted mice. These results indicated that tumor volume in the group combining of miR-140-5p overexpressing cells and simvastatin feeding were less than those of the other three groups, showing the best anti-cancer effect ([Fig. 7C](#f7){ref-type="fig"}). At the same time, we detected the body weight of the xenografted mice administrated with DMSO and simvastatin, and did not find significant changes in all groups ([Fig. 7D](#f7){ref-type="fig"}).

![**Combination of simvastatin and miR-140-5p promoted cell death *in vitro* and *in vivo*.** (**A**) cell death induced by the four groups treatment (DMSO+ NC, simvastatin+ NC, DMSO+ miR-140-5P and simvastatin+ miR-140-5P) was measured by counting PI positive cell number. (**B**) lentiviral vector-infected MDA-MB-231cells and miR-140-5P vector-infected cells fluorescence detection. (**C**) Tumor volume detection in the four groups treatment. (**D**) Body weight change in the four groups of xenografted mice. (**E)** Schematic diagram of the mechanism that simvastatin-induced cell death by up-regulating miR-140-5P. The p-values were calculated using standard Student t-tests. Error bars represent mean± SEM of three individual experiments. \*\* P ≤ 0.01, \* P ≤ 0.05.](aging-11-101974-g007){#f7}

DISCUSSION
==========

In the present study, simvastatin showed the best anticancer effect compared with other types of statins. This result suggested that breast cancer may be more sensitive to simvastatin than other types of statins, such as rosuvastatin, lovastatin, and mevastatin. Thus, we suspected that simvastatin had pleiotropic effects as it may interact with diverse targets, such as miRNAs. Therefore, we further explored the regulatory relationship between simvastatin and miRNAs in accordance with this idea, and found that simvastatin-ROS-NRF1 -miR-140-5p axis effectively inhibited breast cancer cells ([Fig. 7E](#f7){ref-type="fig"}).

Accumulating evidences have demonstrated that statins could reduce the risk of multiple cancers, including breast cancer \[[@r9],[@r10],[@r13]\]. *In vitro* and *in vivo* studies have also shown that statins played important roles in depressing proliferation and inducing apoptosis of breast cancer \[[@r38],[@r39]\]. Thus, statins have been regarded as potential anti-cancer therapeutics agent.

Previously, researchers have found that simvastatin significantly increased the levels of ROS and malondialdehyde (MDA) in a dose-dependent manner for 48h \[[@r20],[@r40]\]. MDA, a natural production of lipid oxidation, is used to evaluate the levels of oxidative stress and lipid oxidation. Their results showed MDA degree exhibited a significant dose-dependent on the concentration of simvastatin40. At the same time, another research investigated the role of simvastatin-induced apoptosis in A549 cells by ROS accumulation \[[@r41]\]. On the other hand, in MCF-7 cells, simvastatin induced intracellular ROS production, increased cytochrome c protein expression and caspase-3 activity \[[@r42]\].

Recently, data implicated that ROS could activate transcription factors NRF1, NRF2 and CREB, increase production of ROS, which played crucial role in cell proliferation and migration in breast cancer through increasing genomic instability and activating aforesaid redox sensitive transcription factors \[[@r43]\]. Importantly, ROS can function as a signal molecule to trigger the downstream target genes of transcription factors NRF1 and NRF2 which were involved in the progression of breast cancer \[[@r32]\].

MicroRNAs are a group of non-coding RNAs molecules, the dysregulation of which play key role in tumor proliferation, metastasis and angiogenesis \[[@r44],[@r45]\]. A previous research demonstrated that miR-140-5p was frequently downregulated in breast cancer cells, and miR-140-5p could suppress cell proliferation via directly targeting VEGF-A in MDA-MB-231 and MCF-7 cells \[[@r46]\]. Here focusing on the current study, our data showed that miR-140-5p inhibited cell proliferation, and the results *in vitro* were consistent with the cell experiments. Notably, in this study we found that miR-140-5p regulating by simvastatin could suppress tumor growth compared with the NC.

Importantly, we found that SLC2A1 was a novel target gene of miR-140-5p. There is an inverse relationship between the expression level of miR-140-5p and SLC2A1 in breast cancer patient samples. Solute carrier family 2 (SLC2A1), also named glucose transporter 1 (GLUT1), is a major glucose transporter in mammalian cells \[[@r47],[@r48]\]. Cancer cells are known to reprogram metabolism to support rapid cell proliferation, for their increased energy demands, the significant features of this regulative metabolism are elevated glucose uptake \[[@r49]\]. Therefore, as an important member of the GLUT family, GLUT1 is abnormally elevated in many solid tumors, including breast cancer ([Fig. 6F](#f6){ref-type="fig"}), and it is considered a potential therapeutic target. A plenty of studies showed that GLUT1 is involved in the progression of cancer cell \[[@r50]--[@r52]\], and silencing Glut1 might enhance anticancer effect of chemotherapeutic agents in triple-negative breast cancer (TNBC) cell lines \[[@r53]\].

In conclusion, the present study demonstrated that miR-140-5p enhanced simvastatin-induced cytotoxicity towards MDA-MB-231 cells through inhibition of the SLC2A1 gene, which was the direct target of miR-140-5p. The combination treatment with simvastatin and miR-140-5p potentiated their apoptotic activity over that used with either method alone in MDA-MB-231 cells. To our knowledge, this is the first study to show significant association between the simvastatin and tumor suppressor miR-140-5p. First, we identified that simvastatin is a effective anticancer drug, which significantly increases ROS production and upregulated NRF1 and miR-140 expression. Second, we demonstrated that NRF1 contributed to the expression of the ARE-dependent miR-140. Last, we demonstrated that ROS activated NRF1 and promoted transcription of the downstream genes of NRF1. Taken together, these results indicated that simvastatin up-regulated miR-140-5p through activating the ROS-NRF1-miR-140 axis in MDA-MB-231 cells. Findings in the current study exhibited a novel simvastatin-mediated regulatory network for breast cancer, which may provide a novel therapeutic target in the treatment of breast cancer.

MATERIALS AND METHODS
=====================

Cell culture
------------

The human breast cancer cell line MDA-MB-231 were obtained from the American Type Culture Collection (Chicago, IL, USA) and cultured RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 100 U/ml of penicillin and streptomycin (Sigma, St. Louis, MO, USA), 2mM L-glutamine. The cultured cells were maintained in a 5% CO2 concentration at 37 °C.

Cell viability assay
--------------------

Cell viability was examined using the cell counting Kit-8 (CCK-8, Beyotime, Shanghai, China) assay according to the instructions from the manufacturer. MDA-MB-231 cells were placed in a 96-well plate at a density of 5000 cells/well. Cells were allowed to adhere for 24 h at 37 °C and then treated with various statins (rosuvastatin, lovastatin, mevastatin or simvastatin). The supernatants were removed and replaced with 100μl of fresh medium containing 10μl of CCK-8 solution and the cells were incubated for 2 h at 37 °C in the dark. Immediately after the incubation, the optical density of each well at 450 nm (OD value) was measured with a microplate Reader (sunrise TECAN, JAPAN). Cell viability was expressed as percentage absorbance of cells treated with inhibitors compared with the percentage absorbance of untreated cells.

Cell cycle analysis by flow cytometry
-------------------------------------

After treated with simvastatin for 48 hours, MDA-MB-231 cells were digested, collected and washed with PBS twice. After being fixed in 70% ethanol at 4°C for 1h, the cells were resuspended in a staining solution of 50 μg/mL propidium iodide (PI) (Vazyme Biotec, Nanjing, China), 1 mg/mL RNase A, and 0.1% Triton X-100 in PBS for 1h. The stained cells were then analyzed with a flow cytometer (BD Accuri C6).

Morphological observation of cell death by fluorescence microscopy
------------------------------------------------------------------

MDA-MB-231 cells were treated with various concentrations of simvastatin for 24h. Afterwards, the nucleus of these cells was stained with Hoechst 33342. Fluorescence microscopy analysis and apoptotic morphology such as nuclei fragmentation was performed with a Zeiss Axiostart Fluorescence Microscope.

Measurement of cell death by flow cytometry
-------------------------------------------

Cell death was measured by flow cytometry using PI stain for simvastatin cytotoxic experiments. MDA-MB-231 cells, treated with different doses of simvastatin, were kept under stress conditions for 24h before the cell death assay. These cells were harvested and washed once in cold PBS, and then stained with PI for 30 min at room temperature in the dark. After staining, the cells were analyzed by flow cytometry using 488 nm excitation. The percentage of death cells corresponds to PI-positive cells. All samples were analyzed in a flow cytometry (BD C6 Biosciences, San Jose, CA, USA).

Cell invasion assay
-------------------

Cell invasion was tested using a transwell assay system (Corning, USA). The simvastatin-treated MDA-MB-231 cells were seeded with serum-free RPMI-1640 medium and plated into the upper layer polycarbonate membrane filter, RPMI-1640 medium with 10% FBS was added to the bottom chambers. After 72 h, the cells that crossed upper layer polycarbonate to the bottom chambers were fixed with 4% PFA, stained with 0.05% crystal violet and counted.

Immunofluorescence analysis of 8-OH-dG
--------------------------------------

The levels of 8-OH-dG were measured using immunofluorescence. MDA-MB-231 cells, treated with different doses of simvastatin, were fixed by 4% PFA for 30min, the culture was washed with PBS 3 times. After permeabilization, 50μL 8-OH-dG antibody (Abcam, ab48508) was added at 1:200 dilution 37°C for 30 min. After several washes, cells were incubated with Alexa Fluor 594 donkey anti-goat IgG secondary antibody (Life Technologies, cat\#A-11058).

Measurement of intracellular ROS levels
---------------------------------------

Intracellular ROS generation was assessed using the peroxide-sensitive fluorescent probe 2′,7′-dichlorofluorescin diacetate (DCFH-DA; Beyotime, China). in accordance with the instructions. MDA-MB-231 cells were incubated with the dye of DCFH-DA, which was attenuated with serum-free DMEM at a proportion of 1:1000, for 30 min at 37 °C in the dark, washed twice with PBS and then detected the generation of intracellular ROS by fluorescence microscope for magnifications 40×, and the fluorescence analysis was performed using ImageJ software.

Determination of GSH and GSSG
-----------------------------

The intra-cellular GSH and GSSG level was measured by GSH and GSSG Assay Kit (S0053) from Beyotime Biotechnology. MDA-MB-231 cells were treated with 3µM simvastatin for different hours, collected and then lyzed by releasing buffer on ice. According to the protocols of manufacturer, the standard curve of the absorbance to GSH and GSSG concentrations was measured. Then We determined the GSH and GSSG concentration using microplate reader at 412 nm.

Plasmid construction
--------------------

Over-expression NRF1 vector construction: First, we amplified the coding sequence of NRF1 gene from MDA-MB-231 cells by PCR. The amplified sequence was then cloned into a pcDNA3.1+ expression vector (Invitrogen) using BamHI and XhoI endonucleases (Takara). The control vector was pcDNA3.1+ (empty carrier).

Over-expression SLC2A1 vector construction: We amplified the coding sequence of SLC2A1 gene from MDA-MB-231 cells by PCR. The amplified sequence was then cloned into a pEGFP-N2 expression vector (Clontech) using XhoI and BamHI endonucleases (Takara). The control vector was pEGFP-N2 (empty carrier). All the primers were seen in [Supplementary material 2.1-2.2.](#SD1){ref-type="supplementary-material"}

Dual-Luciferase reporter assay
------------------------------

NRF1 and miR-140 promoter: Luciferase reporter vector contained the miR-140 promoter region with a deletion of NRF1 regulatory element ranging from -1100 to +1, -935 to +1, -450 to +1, -300 to +1 relative to the transcription start site (TSS). These sequences were copied from genomic DNA of MDA-MB-231 cells and inserted into the pGL3-Basic vector (Promega, USA) using KpnI and HindIII endonucleases, respectively. Three site mutant vectors (pGL3-MT1, pGL3-MT2, and pGL3-MT1/2) were generated using overlap-PCR method. To analyze promoter activity, the MDA-MB-231 cells were co-transfected with NRF1- overexpressed constructs and miR-140 promoter vectors or pRL-TK vectors (control) in MDA-MB-231 cells.

miR-140-5p and the 3\'-UTR of SLC2A1: The 3\'-UTR of SLC2A1 containing the miR-140-5p binding sites or mutated sequences were cloned into the pMIR-report luciferase reporter vector (Promega) using MluI and SpeI.

The reconstructive luciferase vectors were named pMIR-SLC2A1-3UTR-WT and pMIR-SLC2A1-3UTR-MUT. The MDA-MB-231 cells were co-transfected with the reporter vectors and miR-140-5p mimics or negative control (NC). After 48 hours, Firefly and Renilla luciferase activities were measured by the GloMax-20/20 Luminometer from Promega. And the relative promoter activity was normalized by endogenous Renilla luciferase activity. Primer sequences were shown in [Supplementary material 2.3-2.10.](#SD1){ref-type="supplementary-material"}

Real-time PCR
-------------

Total RNA was extracted using the TRIzol RNA isolation system (Takara, Dalian, China) according to the manufacturer\'s instructions. mRNA was reversely transcribed using random primers, while miRNA was reversely transcribed with oligod(T)-ambion and the total RNA required 3\'Poly(A) tail addition treatment.

Real-time PCR was performed using SYBR Green Master (Cat\#04913914001, Roche) in a Light-Cycler 480 System (Roche, Basel, Switzerland) was used for determination of mRNA and miRNA levels. β-actin was used as the internal normalization control for mRNA and pre-miRNA, and snRNA U6 was used as control for mature miRNA. The primer sequences used are listed in [Supplementary material 2.11-2.29](#SD1){ref-type="supplementary-material"}. The relative gene expression levels were quantified by normalization to endogenous β-actin or U6 expression levels, which were calculated by the 2-Δ ΔC (t) method.

Western blot analysis
---------------------

The cell lysate was prepared using RIPA buffer containing protease inhibitors, phosphatase inhibitors, and dithiothreitol. Protein extracts from MDA-MB-231 cells were prepared and protein concentration was measured using a BCA protein assay kit (Beyotime, China). Western blot analyses were performed with the use of specific antibody for NRF1 (Cell Signaling, Cat\# 46743), EGFP (Beyotime, AG281), SLC2A1 (abcam, ab190163) and β-actin (A5441) from Sigma. Goat anti-rabbit IgG-horseradish peroxidase (HRP) was from Cell Signaling Technology. Relative quantification of protein levels was determined by measuring the intensity of the protein bands with the use of ImageJ software.

Lentiviral transduction
-----------------------

All viruses were packaged using the third generation lentivector system (Invitrogen) and expressed in HEK293T cells. The supernatant, which contains the virus, was collected at 48h and concentrated using 10-kDa amicon Ultra-15 centrifugal filter units (Millipore, USA). Overexpression of sh-NC or sh-140-5p was achieved by cloning using the pLu-Puro-Indu-shRNA virus vector, respectively. (Systems Biosciences, USA).

Tumor xenograft assay
---------------------

Male immune-deficient (NPG) mice (5 weeks old) were purchased from the Vital River Laboratory Animal Technology (Beijing). For xenografts, 1 million cells suspended in 100μL of PBS was injected subcutaneously into the NPG mice (n = 5 per group). MDA-MB-231 cells infected with sh-NC or sh-140-5p retroviral were injected into the flanks of NPG mice. These xenograft mice drank the water with DMSO and simvastatin, respectively and separated into four groups: sh-NC+ DMSO, sh-NC+ simvastatin, sh-140-5p+ DMSO and sh-140-5p+ simvastatin. After 4 weeks, all mice were killed, and tumor volume were measured. Tumor volume was calculated as follows: Tumor volume = (length x width2)/2. All xenograft animal experiments were supervised by the committees for the ethical review of research at the Harbin Medical Sciences University.

Bioinformatics analyses
-----------------------

All bioinformatics analysis methods and websites were shown in [Supplementary material 2.](#SD1){ref-type="supplementary-material"}

Data analysis
-------------

All the bars or symbols in the graph represent the means ± standard deviation error from at least three independent experiments with similar results. The results were analyzed by the Student\'s t-test and in all analysis, \* P \< 0.05, \*\* P \< 0.01 and \*\*\* P \< 0.001 were considered statistically significant.
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